Anodic aluminum oxide (AAO) templates are emerging as a platform for simple, costeffective, high-throughput top-down nanofabrication of regular arrays of nanostructures. Thus far, however, AAO pattern transfer has largely been restricted to smooth and chemically inert surfaces, mostly Silicon substrates. Here, we present a more generalizable strategy for preparing freestanding through-hole ultrathin alumina membranes (UTAMs) and transferring them to both smooth and rough substrates, thereby enabling the fabrication of centimeter-scale arrays of nanostructures with sub-100 nm feature diameters on almost arbitrary substrates. To validate the utility of our procedures, we transferred UTAMs to surfaces relevant for photocatalytic applications and prepared plasmonic photocathodes consisting of dense arrays of size-controlled sub-100 nm Au and Ni nanodots on top of chemically non-inert NiOx thin films. To demonstrate the functionality of the fabricated structures, we used a plasmonic photocathode consisting of an array of sub-50 nm Au nanodots on NiOx/Al substrates to drive direct, plasmon-enhanced photoelectrocatalysis and found excellent device performance. We also successfully decorated very rough fluorine-doped tin oxide substrates with an array of high-density sub-100 nm nanodots.
Introduction
Since the pioneering works by Masuda et al. 1 2 , anodic aluminum oxide (AAO) templates with their regular hexagonal array of monodisperse pores have become well-adopted for simple and cost-effective, yet high-throughput top-down nanofabrication [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The thickness, periodicity and diameters of the pores of these alumina templates are easily controlled and pores can be employed for material deposition or removal. The resulting one-dimensional nanostructure arrays have been assembled to create complex architectures with a wide range of applications in plasmonics and metamaterials 16, 17 , chemical separation 18, 19 , solar energy conversion and energy storage [20] [21] [22] , catalysis [21] [22] [23] [24] [25] , and sensing 9, 26 . In most if not all applications, the substrate to which the nanopattern is transferred plays a critical role since it influences the optical, binding, electronic 27 and catalytic properties. Thus far, however, AAO pattern transfer was restricted to smooth and chemically inert surfaces, mostly silicon substrates.
AAO templates are most commonly employed for electrochemical deposition 7 28 29 30 and physical vapor deposition 31 of one-dimensional structures in high aspect ratio channels with large pore sizes. In contrast, applications of AAO-membrane assisted nanostructure fabrication with sub-100 nm particle diameters have been limited, because fabrication requires the preparation of ultrathin alumina membranes (UTAM) with an aspect ratio (pore length to pore diameter) of less than 6:1 to avoid a shadowing effect 6 . Some of the challenges in preparing and transferring these delicate UTAMs, and subsequent efficient material deposition through the membrane have recently been addressed by Meng 8 PMMA (polymethylmethacrylate) is commonly used as a thin supportive layer on the UTAM.
However, organic residues that are left from dissolving the polymeric layer are a potential source of surface contamination. Furthermore, this approach is not applicable to substrates that are not chemically compatible with the organic solvents used for removal of the organic supportive layer.
Therefore, nanofabrication of structures with sub-100 nm features has been largely restricted to Si substrates 2 6 33 34 35 36 14 37 because of their chemical compatibility. The smooth surface of Silicon wafers also provides an excellent contact area with the AAO membrane, which is retained either via Van der Waals interactions or through surface treatment on the Si surface 8 . Challenges become even more formidable when attempting to transfer these fragile UTAM masks to rough substrates.
Here, we present a strategy for preparing free-standing through-hole ultrathin alumina membranes (UTAMs) suitable for the fabrication of nanostructures with sub-100 nm diameter on a wide range of substrates and specifically demonstrate their transfer to both smooth and rough substrates relevant for photocatalytic applications. This fabrication strategy enabled us to prepare centimeter-scale plasmonic photocathodes consisting of dense arrays of size-controlled sub-100 nm Au and Ni nanodots on top of NiOx thin films, which could not have been fabricated with standard AAO transfer techniques since the substrate is degraded when the commonly used organic solvents are applied. Specifically, we fabricated a plasmonic photocathode consisting of an array of sub-50 nm Au nanodots on NiOx/Al substrates that achieved large photocurrents when driving direct plasmon-enhanced photoelectrocatalysis. We also successfully decorated very rough substrates of fluorine-doped tin oxide (FTO, 200 nm peak-to-peak, and 33 nm RMS surface roughness) coatings with an array of high-density sub-100 nm nanodots. These results extend the opportunities for AAO masks to serve as generic templates for novel applications that were previously prohibited by lack of methods to transfer to the required substrate.
Figures 1a-f are graphical illustrations of the fabrication of a highly ordered array of nanodots. The steps for preparing a high-quality free-standing through-hole UTAM floating on water and subsequent transfer to the substrate of interest for material deposition are depicted. We prepared UTAMs with highly regular arrays of pores, with an initial average pore size of 37 nm
and an interspacing distance of approximately 100 nm ( Fig. 1g ) via a two-step anodization of highpurity aluminum foil (99.999%) in 0.3M oxalic acid 2 38 (see Supporting Information). Before etching the base aluminum (Al) layer, a thin layer of polystyrene (2 wt% PS/CHCl3) was coated on a centimeter scale alumina surface either through spin coating at 3000 rpm or simple drop casting. To facilitate dissolution of copper precipitation on the UTAM, the remainder of the base aluminum layer was detached in a solution of CuCl2/HCl (3.4 gr CuCl2.2H2O, 50 mL 38% HCl, 100 mL Millipore water) at room temperature with a very low quantity of TX-100 additive (~ 50 L initial value) to reduce surface tension 39 and a small quantity of HNO3 (83%) additive (~ 2 mL initial value) in approx. 100 mL etching solution. During the etching process and afterward the UTAM was handled using a Nylon plastic strainer 40 . The removal of the barrier layer and the pore-opening process was carried out using 5% H3PO4 at room temperature for different durations to obtain through-hole UTAMs with different pore diameters. Then, the UTAM was rinsed with deionized water and was left on the strainer for drying. After etching the base aluminum layer, a few large-sized Al residues remained at the bottom of the AAO membrane that made the subsequent material deposition process less efficient in particular on rough substrates. To solve this issue, we flipped the UTAM, before removing the polymeric layer, such that the face with the smoother surface from electropolishing in the first step is placed on the substrate. Next, we removed the PS layer by gently dropping a few ml of chloroform on the AAO/polymer film supported by the strainer. This step was followed by immersion of the entire UTAM in chloroform for about 10 minutes to remove any organic residues. After the solvent has evaporated, the strainer was gently pushed against the water, such that surface tension pushed the UTAM upwards, and the membrane detached from the strainer and started floating on water (Figure 1c,h ). The floating UTAM was transferred to the substrate of interest (Figure 1d ,i) without any surface treatment. We dried the sample at room temperature in a tilted position such that water could slowly run off the sample, and the membrane was stretched and perfectly adhered to the substrate. Alternatively, the through-hole UTAM was supported by a retained Al frame at the edges of the UTAM (Supporting Information S4). Here the polymer layer was completely removed by vertical immersion of the sample in CHCl3 after barrier layer removal in H3PO4. A similar approach was previously employed for transferring large-scale UTAMs to surface treated Si substrates 8 . However, this approach required ion milling for barrier layer removal and membrane thinning and can damage the underlying substrate, such as the NiOx thin films studied here. We also found that the transfer of the UTAM to the substrate was more efficient when the transfer was carried out in water because of the stronger adhesion that is essential for its application as an evaporation mask. The applied polymer coating does not only impede breaking or ripping of the UTAM during the etching process in the erosive etching solution, but it also limits H3PO4 to only etch the bottom surface of the barrier layer that is crucial for controlling the pore size 37 . Indeed, we also performed Al etching on unsupported UTAMs in saturated CuCl2 solution followed by removing Al residuals in a mixture of CuCl2 and HCl as highlighted in previous work 41 . However, in this procedure, the centimeter scale free standing sub-300 nm thick AAO often broke, cracked, or sunk in the solution and pore opening was less controlled. cross-sections. We attribute their broad particle size distribution and distortion of the shape of the particles to misalignments of the holes with the Au evaporation source that is more than 50 cm away from the sample in our e-beam evaporator. The deviation from the spherical shape could also be from the non-circularity of the pores at the bottom side of the membrane during barrier layer removal in H3PO4 42 . By annealing the sample at 400°C for about 2hr in air we obtained particles with a circular cross-section, and the average particle diameter decreased by more than 10 nm to 36 nm with an overall narrower size distribution (± 4 nm) and an average inter-particle distance of approx. 64 nm ( Figure 2c ). The decrease in particle diameter was accompanied by an increase in The developed procedure provides a generic AAO template that can be used for top-down nanofabrication on a large range of substrates and deposition of a broad variety of materials. To demonstrate these capabilities, we prepared nickel nanodots with sub-100 nm particle diameter on NiOx (see SEM image Figure 4a ). Recent work showed the importance of nanostructured metal oxides (NMOs) as a promising building block in the fabrication of biosensors 43 . Therefore, such
Ni nanodots/NiOx structures may open opportunities in plasmonic biosensor designs with improved sensing characteristics while offering remote control via external magnetic fields.
Additionally, the plasmonic nickel nanoantennae are emerging as an attractive area of research owing to their distinct plasmonic features in conjunction with strong magnetic properties 44 .
To demonstrate the versatility of our nanopatterning approach, we also transferred the nanodot pattern onto rough substrates of ~ 940 nm thick FTO (approx. 33 nm RMS, 200 nm peak-to-peak surface roughness) and ~150 nm thick ITO (approx. 0.8 nm RMS, 7 nm peak-to-peak surface roughness). Figure 4b shows a transparent appearing 120 nm thin UTAM transferred to the 940 nm thick clearly visible rough FTO. As mentioned above, we observed several micron-sized Al residues on the backside of the UTAM (Supporting Information S6) that impede efficient transfer to the rough substrate. To circumvent this problem, we flipped the film before removing the polymer layer such that its smoother surface faced the substrate. Then 10 nm and 15 nm of Au were deposited on FTO and ITO, respectively. As can be seen in Figure 4 c,d both substrates were successfully patterned by dense arrays of hexagonally arranged sub-50 nm particles. While many works have previously reported nanopatterning on smooth substrates such as Si, to the best of our knowledge, transfer of sub-50 nm particle sizes to rough substrates has not been reported to date.
Furthermore, fabrication procedures that preserve the quality of the underlying substrate are of paramount importance for the quality of devices. For example, when we carried out polymer removal from the AAO mask with the standard procedure employing a CHCl3 solvent the underlying NiOx layer was damaged significantly (Supporting Information S7). Also, we observed a significant decrease in the density of particles that we ascribed to micron-sized polymer residues left on the UTAM preventing material deposition through the channel.
Recent years have witnessed intense interest in implementing plasmonic and dielectric nanostructures for enhancing the efficiency of light-harvesting devices for photovoltaic [45] [46] [47] and photocatalysis applications 24, [48] [49] [50] [51] [52] [53] . Most recently, plasmonic hot-carrier generation via nonradiative surface plasmon decay has been exploited as a novel mechanism for solar-to-fuel conversion 23 54 55 that promises to open up novel photoreduction pathways that are inaccessible by conventional mechanisms such as the application of heat or an electrochemical bias. In this regard, we recently developed a novel Schottky junction-free plasmonic photoelectrode architecture, consisting of a dense layer of randomly dispersed gold nanoparticles with a broad size distribution for direct plasmon-driven photoelectrocatalysis of water through efficient hotelectron generation and injection into the adsorbed molecules 56 . This novel architecture achieved high efficiency of hot-carrier injection to adsorbed water molecules by i) avoiding the Schottky barrier that is commonly used for preserving the energy of hot-electrons; ii) achieving increased light absorption using an architecture inspired by optical impedance matching concepts; 47 57 and iii) facilitating efficient charge carrier separation by a NiO-based selective hole transmitting layer 56 58 .
Here, we validated the utility of our free-standing through-hole ultrathin alumina membranes (UTAMs) transfer procedures by demonstrating a functional device. We chose to fabricate plasmonic photoelectrodes from the same components Au/NiOx/Al that had been employed in our previous publication 56 for several reasons: First, it is a very interesting system in terms of hotcarrier generation in gold nanoparticles and selective carrier filtration by means of the underlying NiOx layer. Second, it allows us to directly compare the photocurrent, absorbed fraction and plasmon frequency of a highly ordered nanoarray of monodisperse gold nanoparticles to those of dense, randomly deposited gold nanoparticles 56 as used in our previous publication 56 . Figure 5a illustrates the plasmonic photoelectrode architecture with the plasmonic nanodot array in direct contact with water. The NiOx film below the Au dots has both, an electrical and an optical function:
The electronic function of the NiOx layer is to confine the generated hot electrons within the Au nanoparticles and to selectively block the electrons but transmit the holes to the aluminum back electrode. The optical function of the high-refractive index (n ~ 2.3) NiOx is to serve as a highly transparent wide bandgap spacer layer between the plasmonic nanodots and the aluminum back reflector for maximum and broadband (~ 100 nm) light absorption within the single layer of nanoparticles. Although the components Au/NiOx/Al used in our present and past work are the same, there is a significant difference between the geometry of gold (Au) nanoparticles (NPs) for the two devices: In our previous work 56 we employed a single layer of randomly deposited Au NPs with heterogeneous size distribution whereas in the present work we demonstrate a highly ordered array of hemi-spherical NPs with monodisperse size distribution and a different fill fraction. The change in geometry results in different absorption spectra and position of the plasmon peak: For the randomly deposited highly anisotropic NPs with heterogeneous size distribution and higher fill factor, the absorbed fraction is higher and we obtained broad band absorption and a broader plasmon resonance centered around 800 nm 56 whereas for the highly ordered nanoarray with monodisperse Au NPs and lower fill fraction the plasmon resonance is centered around 650 nm and is less broad (Figure 5c ).
The band energy schematic of the photoelectrode is depicted in Figure 5b . Light absorption within the Au particles results in the excitation of a surface plasmon resonance at 650 nm (1.9 eV) which can decay nonradiatively, resulting in hot-carrier generation. The plasmon-induced hot electrons adopt a Fermi-Dirac distribution, and in our case electrons in the high-energy tail of the distribution should have sufficient energy to overcome the thermodynamic and kinetic barrier to drive the hydrogen evolution reaction (the thermodynamic potential for the HER lies at ~1 eV above the Fermi energy of Au). Hot electrons can also be generated from direct photoexcitation of interband transitions. However, in our previous study 56 Figure 5c shows the measured total absorbed fraction in air versus the simulated absorbed fraction in Au in air and the simulated total absorbed fraction in air for the photocathode consisting of Au nanodots with an average diameter of 36 nm and 30 nm thick, and 100 nm center-to-center particle distances on a 40 nm thin NiOx layer (sample shown in Fig. 2d ). As can be seen, the experimentally measured total absorption spectrum shows a plasmon resonance that matches qualitatively with the simulated absorption spectrum. In comparison with our previous study on randomly oriented anisotropic particles with heterogeneous size distribution and a broad plasmon resonance absorption, the plasmonic photocathode here exhibits a distinct plasmon resonance peak at 650 nm as the uniformly shaped nanodots possess uniform particle diameters arranged in an ordered array. The simulated absorbed fraction within the Au nanoparticles and the total absorbed fraction within the photoelectrode reaches about 85% and 95%, respectively at the plasmon resonance while the observed total absorption is about 50%. Further adjustment of the spacer layer thickness can result in absorption close to unity based on electromagnetic simulations. However, we decided to keep the NiOx film 40 nm thin because of our well-established fabrication procedure and to maintain the electrical properties similar to our past work 56 . As expected, both the experimentally measured total absorption and the simulated absorbed fraction within the Au nanodots show increased absorption at wavelengths below 550 nm due to the interband transitions from the d-band. nm. In that work, we also performed wavelength-resolved photocurrent measurements for NiOx/Al samples without Au nanodots and no photocurrent was observed at wavelengths longer than 500 nm. These observations verified the lack of significant defect or trap state densities in the NiOx.
We also note that gap-mode coupling that could enhance absorption in the NiOx layer by nearfield enhancement is limited because the gold nanodots are well separated. Moreover, Mott
Schottky measurements on a sample without plasmonic nanoparticles showed that the NiOx is ptype (hole concentration on order of 10 18 cm -3 ) and has a flat band potential close to the Fermi level of gold 56 . This means that the valence band edge of NiOx is favorable for hole transfer while charge transfer to a trap state near the conduction band (which is almost 3.4 eV away) cannot be driven by a plasmon resonance at 650 nm (≈ 1.9 eV). Given the results of the control experiments, alongside with the absorption results of the plasmonic photocathode (Figure 5c ), we propose that the photocurrent is due to direct hot-electron injection from the Au nanodots to adsorbed water molecules, in agreement with our earlier work 56 In our Au/NiOx device, we did not deposit any adhesion layer prior to Au deposition, mainly to avoid any contamination and to keep the interface simple for our study of carrier injection across the Au-NiOx interface. The large photocurrent density of 8.2 µA/cm 2 at 0V versus the RHE observed for our present, highly ordered array of hemi-spherical NPs with monodisperse size distribution but relatively low fill fraction compares favorably to our past results 56 on dense, randomly oriented anisotropic particles with heterogeneous size distribution.
Both, for our current work on highly ordered nanoarrays and our past work on random Au nanoparticles deposited on NiOx, the quality of Au/NiOx interface was excellent as highlighted by the large and stable photocurrents that we observed from our devices in comparison with the best published results for hot-electron generation and utilization 23, 56 .
In summary, we presented a protocol for nanopatterning of arrays with sub-100 nm features that overcomes past substrate limitations. For all samples, the particle height and periodicity were 20 nm and 100 nm, respectively. 
